) located at the C-terminal end of transmembrane domain 4 by mutation to alanine abolishes gating by pH i . We postulate that this lysine acts as an intracellular pH sensor as its mutation to histidine acid-shifts the pH i -dependence curve of TASK-2 as expected from its lower pK a . We conclude that intracellular pH, together with pH o , is a critical determinant of TASK-2 activity and therefore of its physiological function.
K 2P 10.1) are activated, and TRAAK (K 2P 4.1) is inhibited by internal acidification (6 -9) . Recently, TREK-1 and TREK-2 have been found to respond also to external proton concentration within the physiological range (10, 11) , but, remarkably, although TREK-1 is strongly inhibited by extracellular acidification, TREK-2 is activated by acidification (11) .
It is well known that K ϩ channels play important roles in epithelial transport processes of electrolytes and nonelectrolytes (12, 13) . The reabsorption of HCO 3 Ϫ in the kidney proximal tubules, which accounts for up 80% of the filtered load, is an example. Transepithelial flux of HCO 3 Ϫ relies on the coordinated action of a luminal Na ϩ /H ϩ exchanger (NHE3), carbonic anhydrases (II and IV) and a basolateral electrogenic Na ϩ / HCO 3 Ϫ cotransporter (NBCe1-A) that shuttles two negative charges per transport cycle. Continued efflux of HCO 3 Ϫ will depolarize the cell, thus decreasing the driving force for the process. It has been proposed that concomitant activation of a basolateral K ϩ conductance would be required to produce the hyperpolarization necessary to sustaining HCO 3 Ϫ transport. A recent study suggests that TASK-2 channels might be responsible for this conductance (14) . It was shown that a leak-type current present in mouse cultured proximal tubule cells when HCO 3 Ϫ transport is active is not present in cells from a TASK-2 deficient (knock-out) mouse. The mutant mouse displays a reduced arterial blood pressure and a tendency to loose Na ϩ in urine and suffers from metabolic acidosis probably through a proximal tubular loss of Na ϩ and HCO 3 Ϫ . The authors of this work proposed that accumulation of basolateral HCO 3 Ϫ would activate basolateral TASK-2 channels by virtue of the ensuing extracellular alkalinization to provide the hyperpolarization needed for continuous cotransporter activity (14) . The presence of extracellular and intracellular carbonic anhydrases and the fact that HCO 3 Ϫ is an important mobile buffer in the kidney and other cells (15) predict that changes in its flux will have an impact on intracellular pH (pH i ) in the proximal tubule.
We have now found that pH o -sensitive K ϩ channels belonging to the TALK group, opened by alkaline pH o , are also sensitive to intracellular pH (pH i ). In contrast, acid-sensitive channels TASK-1 and TASK-3 are indifferent to pH i . In the present work, we explore in some detail the dependence of TASK-2 upon pH i , clearly separate the effects of extra-and intracellular pH on TASK-2 and identify Lys 245 , a residue located at the interface between the last transmembrane domain and the beginning of the large C terminus domain, as a possible sensor transducing the effects of pH i into gating regulation. The strong dependence of TASK-2 on intracellular pH will have to be taken into account when interpreting the possible role of this K ϩ channel in the process of bicarbonate reabsorption in the proximal tubule.
EXPERIMENTAL PROCEDURES

Constructs and Transient Transfections-Mus musculus TASK-2 (GenBank
TM accession number AF319542) plasmid was obtained from mouse kidney (16) . Human TALK-2 (GenBank TM accession number BC025726) was obtained from the ATCC mammalian gene collection (Manassas, VA). Mouse TASK-1 (GenBank TM accession number AB008537) was obtained from Dr. Donghee Kim and TASK-3 (GenBank TM accession number AF212827) from Dr. Jürgen Daut. All cDNAs were subcloned into the pCR3.1 vector. Transient transfections were done in HEK-293 cells as described previously using CD8 cotransfection to identify effectively transfected cells (17) . The CD8 antigen was revealed with microspheres (Dynabeads) coated with an anti-CD8 antigen. Site-directed mutagenesis and chimaera constructions were done by PCR as described previously (17, 18) .
Electrophysiological Recordings-Cells were transferred to the stage of an inverted microscope for study, where they were continuously superfused with a bathing solution containing 67.5 mM Na 2 SO 4 , 4 mM KCl, 1 mM potassium gluconate, 2 mM CaCl 2 , 1 mM MgCl 2 , 105 mM sucrose, 10 mM HEPES/Tris, pH 7.5. The high K ϩ solution was obtained by equimolar replacement of Na ϩ by K ϩ . The pipette solution contained 8 mM KCl, 132 mM potassium gluconate, 1 mM MgCl 2 , 10 mM EGTA, 1 mM Na 3 ATP, 0.1 mM GTP, 10 mM HEPES, pH 7.4. In experiments to measure the extracellular pH dependence of the currents, HEPES, used for pH 7.0, 7.5, and 8.0 in the bathing medium was replaced with AMPSO, 2 pH 8.5 and 9.0; CAPS, pH 9.5, 10, and 11; or MES, pH 6.5, 6.0, 5.5, and 5.0. All our experiments keep both intra-and extracellular chloride at 10 mM.
Sulfate was replaced by gluconate in the bath solutions when changes in intracellular pH were required: 135 mM sodium gluconate, 1 mM potassium gluconate, 4 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 105 mM sucrose, 10 mM, HEPES/Tris, pH 7.5. For manipulations with NH 4 Cl, NH 4 Cl was added as an aliquot from a 2.5 M stock. Solutions containing 33 mM HCO Ϫ 3 were made using the sodium salt with an equivalent decrease in sodium gluconate. This solution was maintained in an atmosphere of 5% CO 2 until used.
In experiments designed to measure the intracellular pH dependence of the currents, we used an approach relying on intracellular loading with a weak base or acid in the pipette solution, which provides a means for imposing and maintaining a chosen pH i , or, by changing the external concentration of the weak electrolyte, to change pH i rapidly and reversibly. This procedure has been validated in various cell types by direct measurement of intracellular pH (19, 20) . In addition, it has been demonstrated not to be affected by membrane potential in neurons (21) . The solutions used here to clamp pH i are based on those described previously (20) . Varying the transmembrane concentration gradient for acetate pH i was changed according to the relationship:
The composition of solutions used was as follows: pipette: 82 mM potassium gluconate, 50 mM potassium acetate, 8 mM KCl, 1 mM MgCl 2 , 10 mM HEPES, 10 mM BAPTA-sodium, pH adjusted to 7.4 with Tris; bath: sodium gluconate X, sodium acetate Y (where X ϩ Y ϭ 135), 4 mM KCl, 4 1 mM potassium gluconate, 2 mM CaCl 2 , 1 mM MgCl 2 , 20 mM HEPES, and titrated to pH 7.4 with Tris. The extracellular concentration of acetate was varied between 126 and 1.26 mM to achieve intracellular pH values between 7.0 and 9.0 (20) . Intracellular pH values in the range 6.3-8.5 were obtained with a pipette solution containing 10 mM acetate and extracellular acetate concentrations between 125 and 0.8 mM. For pH i values 7.5-9.5, intracellular acetate was 130 mM, and extracellular acetate varied between 103 and 1.03 mM. Different intracellular acetate concentrations were compensated by equimolar changes in gluconate. Enough sucrose was added to give an osmolality of 300 mosM. When appropriate, Na ϩ was replaced by K ϩ to achieve symmetrical concentration of potassium.
Standard whole-cell patch clamp recordings were performed as described elsewhere (13, 18) . Currents were measured at several potentials, but data mostly reported are those obtained at 0 mV. Recordings of single channels in the inside-out configuration were performed in symmetrical 140 mM K ϩ . The inside aspect of the patch was bathed with the solution described above for the pipette in whole-cell recording experiments. All chemicals were from Sigma.
Calculations-The effect of pH on currents was evaluated by plotting current (I) measured at a membrane potential of 0 mV, against extracellular [H ϩ ]. For graphical representation, average Ϯ S.E. I/I max or I/I pH7.5 values were obtained from individual experiments. When appropriate, the fit of a Hill equation to the data was done for each individual experiment. The parameters are defined in the following equation:
. Fits were done using the Marquardt-Levenberg algorithm as implemented in the SigmaPlot software.
RESULTS
Cytosolic pH Regulates TALK-type but Not TASK-type K ϩ
Channels-Transient transfection of HEK-293 cells with TASK-2 or -3 or with TALK-2 cDNAs results in the generation of K ϩ currents as measured in the whole-cell configuration mode of the patch clamp technique. Fig. 1A shows currents elicited by pulsing to 0 mV in cells held at Ϫ70 mV. The currents are carried by K ϩ as intra-and extracellular Cl Ϫ concentrations are made equal (see "Experimental Procedures" for details of solution composition). Measured reversal potential of around Ϫ80 mV corresponds well with that of a K ϩ current, given K ϩ extra-/intracellular concentration ratio of 5/140 mM, and shifts to 0 mV in symmetrical K ϩ solutions. When cells are exposed to the weak base NH 4 Cl, transmembrane influx of NH 3 leads to rapid rise of pH i , as intracellular NH 3 combines with protons forming NH ϩ 4 (22) . When this treatment was applied to cells expressing TASK-2 or TALK-2 an immediate increase in K ϩ current occurred, which reverted to control values upon removal of NH 4 Cl (Fig. 1A) , suggesting that they are activated by intracellular alkalinization. The same procedure caused no change in the K ϩ channel activity in cells expressing TASK-3 (Fig. 1A) or TASK-1 (data not shown). These channels have previously been shown to be indifferent to internal proton concentration (3, 5, 23) . In addition to being activated by intracellular alkalinization, TASK-2 current was inhibited by an acidification of the intracellular medium. This was achieved by a short pulse of a 5% CO 2 -HCO 3 Ϫ that, owing to the high permeability of CO 2 , will rapidly acidify intracellularly. As shown in Fig. 1B , such a treatment strongly inhibited the TASK-2-mediated K ϩ current. From these qualitative experiments, it would appear that TASK-2 is sensitive to pH i , being activated by alkalinization and inhibited by acidification. (20) established that using a 50 mM intracellular acetate concentration and BAPTA to buffer Ca 2ϩ , changes in extracellular acetate bring about the expected changes in pH i as verified by direct measurement with the fluorescent pH probe 2Ј,7Ј-bis(2-carboxyethyl)-5(6)-carboxyfluorescein. We have used this acetate-rich pipette to explore in more detail the dependence of TASK-2 activity on pH i . The use of these solutions did not alter the characteristic open rectification of TASK-2 or its selectivity of K ϩ over Na ϩ (supplemental Fig. 1 ). Fig. 2A ] i of 50 mM. TASK-2-mediated current was inhibited by acidification to pH i 7.0 and was gradually increased by alkalinization. The effect was reversible upon return to a basal pH i of 7.5.
Internal and External pH Regulation of the TASK-2 Channel Are Independent of Each Other-Yuan et al.
TASK-2 is gated open by extracellular alkalinization in a similar pH range as described here for intracellular alkalinization. This gating process is mediated by arginine 224, so that mutant TASK-2-R224A channels lack sensitivity to pH o (24) . However, when TASK-2-R224A was challenged with changes in intracellular pH, it was inhibited by intracellular acidification and activated by an alkaline pH i in much the same way as wild-type (WT) TASK-2 ( In a previous study, we used molecular simulation and sitedirected mutagenesis experiments to show that the activation of TASK-2 by extracellular pH is mediated by neutralization of an arginine (Arg 224 ) residue (24) . Arg 224 is located at the extracellular end of TM4 near the second pore domain. The protonated form of Arg 224 is thought to interfere, through an electrostatic effect, with potassium occupancy of the selectivity filter leading to blockade by a mechanism similar to C-type inactivation (24) . This type of inhibition has been shown to be very dependent upon extracellular potassium concentration, which, through a "foot in the door" mechanism, prevents the conformational changes responsible for C-type inactivation (25) . We have tested the effect of increasing extracellular K ϩ concentration to 140 mM on the modulation of TASK-2 by pH i . Fig. 3A shows that pH i dependence of TASK-2 was unaffected by increasing extracellular K ϩ from 5 to 140 mM. At this high K ϩ concentration, the effect of pH i was also voltage-independent in the range Ϫ60 to 60 mV (Fig. 3A) . This contrasts with the activation of TASK-2 by extracellular pH, which occurred with pK1 ⁄ 2 values for activation of 8.1 and 7.6 at extracellular [K ϩ ] o of 5 and 140 mM, respectively (Fig. 3B) . The lack of dependence of the pH i effect on membrane potential is also in contrast with the voltage dependence of the pH o effect (Fig. 3C) . Interestingly, this last effect was only observed at low
The results shown above suggest that gating by extra-and intracellular pH are separate and independent events that must be mediated by distinct molecular sensors and are transduced through actions at gates with different locations. The experiment shown in Fig. 4 is an attempt at overcoming closure by extracellular acidification by means of intracellular alkalinization. Maintaining [acetate Ϫ ] i at 50 mM, we simultaneously changed pH o and pH i to obtain a closed channel at pH o 6.0 and pH i 7.5, which could not be opened by an increase in pH i to 8.5 (Fig. 4A) . In the same cell, the channel was further activated by pH i 8. 
Identification of a pH i -sensing Residue Involved in the Gating of TASK-2 by Intracellular
Protons-In contrast to the effect of pH i in the TALK family, pH o -gated channels TASK-1 and TASK-3 are largely insensitive to changes in pH i . We verified this view using the acetate pH i clamp approach described above, as shown in supplemental Fig. 2 . To test whether the region of TASK-2 that confers the channel its pH i sensitivity is situated in the rather large 260-amino acid C terminus, we constructed a chimera in which residues 243-502 of TASK-2 were replaced by the C-terminal residues 246 -365 of the pH iinsensitive TASK-3. This leaves a channel consisting of the putative membrane-resident part of TASK-2 and the intracellular C terminus tail of TASK-3 (Fig. 5) . This construct, which we term 244TASK-2-245TASK-3, lacked pH i sensitivity (supplemental Fig. 2) , although it retained a near normal response to pH o (pK1 ⁄2 9.06 Ϯ 0.03, data not shown). This result suggests that pH i sensitivity might reside in the C terminus. Ablation of all but the first 31 residues of the TASK-2 C terminus in the TASK-2⌬273 mutant did not alter the response to changes in pH i (supplemental Fig. 2 ). Transplanting TASK-2 C terminus residues 244 -502 of TASK-2 into a C terminus-less TASK-3 comprising residues 1-240 (Fig. 5 ) conferred TASK-3 some measure of pH i dependence that was completely lacking in the TASK-3 WT construct (supplemental Fig. 2 ). These data suggested that if a single residue, or a short stretch of residues, acts as a pH i sensor in TASK-2, it could be located in the region delimited by residues Val 242 and Ser 273 . Examination of such a region, which corresponds to the distal TM4 end and the beginning of the C-terminal segment, reveals various titratable lysine residues (see Fig. 5 ) that, given the approximate pK1 ⁄2 of pH i effect of ϳ8, might act as sensors. As seen in Fig. 5 , neutralization of Lys 454 and Lys 258 , as well as a multiple neutralization of eight basic residues between Lys 257 and Lys 264 , did not alter pH i dependence as tested by the NH 4 Cl pulse approach. However, and as will be described in detail below, mutation at Lys 245 had a profound effect on pH i sensitivity as tested by the NH 4 Cl pulse approach, which failed to elicit any change in current (data not shown). Fig. 6A shows an experiment measuring the pH i sensitivity of the TASK-2-K245A mutant. There was little evidence for significant effects of changes in pH i . This is confirmed in the graph of Fig. 6C that reports average values for pH i dependence of TASK-2-K245A and compares them with the response of WT TASK-2. Mutant TASK-2-K245C channels also lost all pH i regulation. Mutation K245A in TASK-2 did not alter the general characteristics of the current, suggesting that Na ϩ /K ϩ selectivity of TASK-2 were unaltered by removal of pH i dependence (supplemental Fig. 1) . Similarly, pH o dependence was not altered by mutation K245A (supplemental Fig. 4) . Lys 245 is located toward the C-terminal side of TM4 in TASK-2, a segment that plays the role of inner helix in these dimeric channels, and therefore lines the intracellular cavity of the pore. The other helix lining the intracellular cavity is TM2. As shown in Fig. 5 , in addition to the conserved putative hinge Gly 122 (Gly 234 in TM4), there is not much sequence conservation between these two transmembrane domains. Nevertheless, there are some basic amino acids immediately following TM2 that were neutralized by mutation to test for their possible role in pH i sensing. As reported in Fig. 5 , none of these mutations affected the ability of intracellular alkalinization to activate TASK-2.
The effect of intracellular pH could also be detected in single channel recordings performed in inside-out patches from cells expressing TASK-2. The left-hand side of Fig. 7 shows traces of WT TASK-2 single channel activity in an inside-out patch exposed to intracellular pH values of 6.5, 7.5, and 8.5. As expected, the activity at acid pH was quite low, but openings occurred more frequently as the medium bathing the intracellular aspect of the membrane was alkalinized to pH 7.5 and 8.5. The calculated NP o value increased from 0.03 at pH 6.5 to 0.41 and 0.72 at pH 7.5 and 8.5, respectively. The single channel conductance was not altered by changes in pH i as can be seen in was a pH i sensor in TASK-2, replacement by mutation to a different basic amino acid might preserve pH i sensitivity but shift the activity pH i curve according to the shift in pK a of the amino acid. We have mutated Lys 245 to His obtaining channels that generated currents sensitive to pH i (Fig. 6B) . As shown in Fig. 6D , TASK-2-K245H had a sensitivity to pH i acid-shifted by Ͼ1 pH unit with respect to that of WT TASK-2 (pK1 ⁄ 2 6.8 Ϯ 0.06, n ϭ 4).
DISCUSSION
In contrast to what is seen with TASK-type K 2P potassium channels, we report here that TALK-type channels TASK-2 and TALK-2 are sensitive to pH i , being activated by intracellular alkalinization and inhibited by intracellular acidification. We also present evidence that the control of gating by pH i occurs by a separate mechanism than the well known regulation of TASK-2 by extracellular pH and that a lysine residue in the cytoplasmic end of TM4 acts as a pH i sensor in the gating process.
Separate Mechanisms Mediate the Gating of TASK-2 Channels by
Intra-and Extracellular pH-Although TASK-2 is gated open by intracellular alkalinization in a similar pH range as for extracellular alkalinization, several pieces of evidence suggest that the mechanism by which pH i shifts are transduced into gating differs radically from that involved in pH o gating. First, experiments designed to test the independence of pH i and pH o gating effects on TASK-2 showed that it was not possible to overcome closure by extracellular acidification by means of intracellular alkalinization, pointing to independent mechanisms for the effects of intra-and extracellular pH. Second, gating of TASK-2 by pH o is mediated by arginine 224, so that mutant TASK-2-R224A These experiments were performed exactly as described in the legend to Fig. 2A . B, pH i dependence of TASK-2-K245A and TASK-2-K245C measured at 0 mV (means Ϯ S.E., n ϭ 6 and 3) is compared with that of WT TASK-2 that had been taken from Fig. 2C without error bars. D, pH i dependence of TASK-2-K245H measured at 0 mV (means Ϯ S.E., n ϭ 6). Extracellular and intracellular K ϩ concentrations were 5 and 140 mM, respectively in A-D. channels lack sensitivity to pH o (24) . Despite being insensitive to changes in pH o , however, TASK-2-R224A had a pH i dependence that was indistinguishable from that of WT TASK-2. Conversely, TASK-2-K245A, which is insensitive to pH i , had a normal response to changes in pH o . Third, pH o -dependent gating is highly dependent upon extracellular Location of the pH i -controlled Gating Process in TASK-2-The molecular mechanisms by which of K ϩ channel gating occurs has been widely studied functionally and also deduced from structural atomic level studies (26) . Three forms of gating have been put forward. The first type was identified by comparing the structures of KcsA and MthK channels, crystallized under conditions that favor closed and open conformations, respectively (27, 28) . The major difference between these crystal structures is in the position of the inner helices, which line the conduction pathway below the selectivity filter. In KcsA structure (the closed state), the four inner helices are straight and bundle together at the intracellular end to produce a narrow opening lined with hydrophobic amino acid residues, the hydrophobic seal (29) , that restricts the movement of K ϩ ions. In MthK, the inner helices are bent at a hinge point, a conserved glycine located roughly half way down the helix near the selectivity filter, creating a wide unimpeded pathway to ion passage. This type of gating is probably present in most K ϩ channels, as suggested by the wide conservation of the glycine hinge (30) including channels of the K 2P family that have a glycine hinge in their TM2 and TM4 helices (31). Evidence for the presence of an intracellular gate has been recently obtained in the Drosophila KCNK0 K 2P channel (32) . A second type of gating, first described as C-type inactivation (33) , is sensitive to extracellular [K ϩ ] and mutations at residues near the external pore entrance and is thought to occur at the selectivity filter (26) . C-type inactivation probably corresponds to the deformation of the selectivity filter of the KcsA channel that has been seen in channels crystallized with very low K ϩ concentrations (34). It seems, therefore, that a decrease in occupancy of the selectivity filter by K ϩ ions leads to its partial collapse with the carbonyl oxygens of the filter projecting obliquely rather than toward the central axis of the conduction pathway. Opening and closing of the Drosophila KCNK0 channel have been demonstrated to entail extracellular K ϩ concentration-dependent C-type inactivation (35) . A similar mechanism was proposed for gating by pH o of TASK-2 (24), TASK-1 (36), TREK-1 (10), and TREK-2 (11) . A further type of gate mechanism, the balland-chain inactivation, has not been reported for K2P channels.
Activation of TASK-2 by extracellular alkalinization is mediated by neutralization of Arg 224 located near the second pore domain (24) and involves changes in open probability (p o ) without affecting single channel conductance (2, 24, 37) . It is thought that, in the protonated form, Arg 224 decreases occupancy of the selectivity filter by K ϩ , thus creating a blocked state, a situation relieved by neutralization of Arg 224 at alkaline pH o (24, 31) . This gating at the selectivity filter, which might occur by the type of occupancy-related changes in pore structure revealed by molecular dynamic simulations (38) (2, 37) . This finding, which we confirm here, could be interpreted as protons having to penetrate the transmembrane electric field to act on the channel sensor (4). However, the fact that the voltage dependence disappears when increasing [K ϩ ] o 3 suggests that an increased occupancy of a selectivity filter site(s) by K ϩ as a consequence of depolarization, and therefore higher flux of K ϩ from a side of high concentration, may be responsible for the effect. Such a model is similar to that proposed for the modulation of tetraethylammonium inhibition of Shaker channels coupled to the movement of K ϩ ions within the selectivity filter (39, 40) . At any rate, the lack voltage dependence of intracellular proton modulation of TASK-2 activity argues for a separate site for the pH i -dependent gate. It is tempting to speculate that pH i gating is exerted by controlling inner helix bundle crossing in TASK-2, but we have no direct evidence for this. If this were the case, it would appear that in contrast with what is seen in KCNK0 (32), the selectivity filter and inner gates of TASK-2 would open and close independently.
Lysine 245 Behaves as a pH i -sensing Residue Mediating the Gating of TASK-2 by Intracellular
Protons-In contrast to TASK-2 (and TALK-2), we found pH o -gated channels TASK-1 and TASK-3 are largely insensitive to changes in pH i . Through a chimeric channel approach utilizing the C-terminal region of TASK-3, we located the pH i -sensing region in the C terminus of TASK-2. A C terminus truncation of TASK-2 further put the pH i -sensing region within the first 31 residues of this region of TASK-2. Point mutations of various titratable residues in this stretch of C-terminal sequence led to the identification of Lys 245 as a residue whose neutralization by mutation to A or C removed pH i dependence from TASK-2.
The effect of Lys 245 neutralization by mutation on the dependence of TASK-2 could be demonstrated in whole-cell and single channel recordings. Single channel open probability was increased by intracellular alkalinization in inside-out patches of membranes expressing WT TASK-2, without any effect on single channel conductance. The single channel activity of TASK-2-K245A was not dependent upon intracellular pH.
We predicted that if Lys 245 was a pH i sensor in TASK-2, its replacement by mutation to a different basic amino acid might preserve pH i sensitivity but shift the activity pH i curve according to the shift in pK a of the amino acid. Comparison of the pH i dependence of WT and TASK-2-K245H revealed that the mutation acid-shifted the pK 1/2 of the effect by Ͼ1 pH unit, consistent with Lys 245 being a pH i sensor in TASK-2. Other K 2P channels whose gating is modulated by pH i are TREK-1, TREK-2, and TRAAK. TREK-1 is a lipid-sensitive and mechano-gated channel of complex regulation, which is gated open by intracellular acidification (41) . Glu 306 in the proximal C-terminal domain has been demonstrated to be the proton sensor involved in this process (42) . Membrane phospholipids open TREK-1 channels and a cluster of positively charged residues, which includes Glu 306 , is the phospholipid-sensing domain. Protonation of Glu 306 markedly enhances channelphospholipid interaction, thus favoring the opening of TREK-1 (43) . Intracellular pH also controls the gating of inwardly rectifying Kir channels, which are generally inhibited by intracellular acidification. No single residue has been found as yet to be responsible for pH i gating in Kir channels. Lys 80 of Kir1.1, a lysine residue located in the first transmembrane domain, was originally identified as the pH i sensor (44) , and an interaction with two distant arginine residues was proposed to be responsible for anomalous titration (45) . More recent work has suggested, however, that Lys 80 is not indispensable for pH i -dependent gating of Kir channels (46, 47) and that it participates instead in highly conserved intrasubunit hydrogen bonding interactions between transmembrane domains that influence pH i sensitivity indirectly (48) . We explored the possibility that a similar mechanism might apply to Lys 245 mediation of pH i -dependent gating in TASK-2. Lys 245 is located in TM4, and homology modeling suggested that it faces away from the pore and might approach Arg 156 and Lys 157 in TM3. The neutralization of Arg 156 and Lys 157 residues by mutation to alanine did not affect the action of pH i on gating (data not shown). Clearly, further studies will be needed to determine the mechanism by which sensing of pH i by lysine 245 leads to modulation of gating of TASK-2 and whether this affects the intracellular channel gate. Whatever the mechanistic details of the phenomenon reported, it is clear that a sensitive control of TASK-2 background K ϩ channels by both extra-and intracellular pH implies that proton concentration could be the most important factor controlling membrane potential and K ϩ recycling in the cells where it is expressed. Addendum-Shortly after this paper was initially written, expression of TASK-2 was reported in the brainstem, including the retrotrapezoid nucleus. These TASK-2-positive cells were lost in Phox2b mutant mice that are a model for human congenital central hypoventilation syndrome (49) . Retrotrapezoid nucleus neurons, whose development fails in Phox2b mutant mice, regulate breathing rate and intensity and active expiration and are therefore critical for the regulation of CO 2 (50) . Sensing of CO 2 by retrotrapezoid nucleus neurons has been proposed to be via extra-or intracellular pH changes affecting background-type conductances that would regulate excitability. TASK-1 and TASK-3 K 2P channels were thought to be good candidates to mediate this signaling but have been discarded on the basis of experiments with double knock-out mice for these channels (51) . Using a TASK-2 knock-out mouse, however, it is now shown that TASK-2 channels are important in mediating central CO 2 and O 2 chemosensitivity. Hypercapnia was shown to drive an acute ventilatory increase in WT but not in TASK-2-deficient mice (49) . The authors hypothesize that active TASK-2 channels maintain a hyperpolarized condition of retrotrapezoid nucleus neurons, thus preventing a respiratory increase at low CO 2 (49) . The strong ventilatory drive at high CO 2 could be the consequence of a decrease in TASK-2 channel activity. We think that the intracellular pH sensitivity of TASK-2 uncovered here could play a role in linking extracellular changes in CO 2 with intracellular pH changes and therefore TASK-2 activity. An understanding of the molecular mechanisms of this effect may contribute to the discovery of pharmacological strategies that attack central respiratory disorders.
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